Determining the likelihood that groundwater contains faecal coliforms can aid water resource management in facilitating the protection of drinking water supplies. This study assesses the incidence of the faecal indicator organism Escherichia coli in 125 private water supplies (PWSs) serving individual houses in the Mid-West Region of Ireland. Two factors, aquifer type and rainfall (mm), were chosen as independent variables that can affect the vulnerability of a groundwater body.
INTRODUCTION
A precondition for water supplies to qualify as safe drinking water sources is the absence of faecal coliforms (EU ;
Schmoll et al. ; Irish Statute ). Globally, groundwater can be considered of good quality, which is mainly attributable to natural purification processes (UNEP ).
For this reason, coupled with its accessibility, groundwater is a major source of potable water worldwide. However, despite its importance, groundwater is often misused, usually poorly understood and rarely well managed. Although groundwater is not easily contaminated, once this occurs it is difficult to remediate (UNEP ). For this reason it is important to identify which aquifer systems and settings are most vulnerable to degradation because the replacement cost of a failing local aquifer will be high and its loss may stress other water resources looked to as a substitute.
This research uses geographic information system (GIS) technology to assess the microbiological contamination of groundwater as a function of both aquifer type and rainfall events in Ireland. This is achieved by the overlaying of the microbiological analysis results of 125 private wells, taken from numerous geographical locations, on national aquifer classification data in conjunction with precipitation data from local weather stations. The application of the statistical method 'binary logistic regression (LR)' assesses the impact of these factors on the likelihood of contamination.
Groundwater as a drinking water source in Ireland
Approximately 26% of the public and private drinking water supply in Ireland is provided by groundwater or spring sources (EPA a). These supplies can be categorised as individual private water supplies (PWSs) serving singular households or small private group schemes (SPGSs) which are defined by two or more households coming together to utilise a common water supply. As both PWSs and SPGSs are categorised as individual water supplies providing an average of less than 10 m 3 /day or serving less than 50 persons, they are excluded from the European Commission Drinking Water Directive 98/83/EC. As a result, the quality of each groundwater well is the sole responsibility of the user and is not legislated under the Irish Statute. 
Aquifer classification and rainfall
The aquifer classification system used in Ireland, which was developed by the Geological Survey of Ireland, is defined in the Groundwater Protection Schemes publication (DELG/ EPA/GSI ). It is intended to reflect the groundwater flow type (flow through fissures, flow through karst systems and intergranular flow through gravels) and to describe the resource potential (e.g. regionally important, locally important and poor). For the purpose of this study, the aquifer systems have first been defined as either bedrock or a sand/gravel aquifer. The bedrock aquifers are then subsequently subdivided into 'Fissure' and 'Karstic' systems, the aim being to predict groundwater vulnerability as a function of local hydrogeological features.
In relation to rainfall, the region has a typical west maritime climate with relatively mild, moist winters and cool, cloudy summers. The prevailing winds are westerly to south-westerly and the average relative humidity is high.
Average annual precipitation is highest on the west coast and in inland areas of high relief. Compared with the east coast of Ireland, average annual rainfall and relative humidity are higher, mean annual temperature is lower, and annual duration of bright sunshine and frost-free periods are shorter (Irish Meteorological Office ).
Microbiological sampling and enumeration
Participants in the study were obtained by broadcasting an announcement on a popular Irish discussion website (www. events. The water sample was taken by the researcher from the kitchen tap after first sterilising the spout using 70% ethanol and allowing the water to run for 60 s. As the maximum volume of sample (100 mL) was required for zero-dilution bacteriological analysis, well water samples were collected directly on site in disposable 120 mL sterile vessels containing sodium thiosulphate to neutralise any chlorine that may be present in the sample. All samples were stored in a cool environment and were analysed within 4 hours.
The most probable number of E. coli was assayed using a standard US Environmental Protection Agency (EPA)- differentiation; yellow for total counts and fluorescent for E.
coli. The samples were poured into a 51-well 'Quanti-Tray', heat sealed and incubated for 24 hours at 35 W C. After the incubation period, the number of positive fluorescent compartments was counted; each compartment indicated that a minimum of one indicator organism was initially present.
As a control, a sterile water sample was analysed periodically.
Acquisition and interpretation of data
The aquifer characteristics were obtained from the Geological Survey of Ireland. Two datasets were utilised in this study: the National Draft Gravel Aquifer Map and the Bedrock Characteristics Aquifer Map. These two parameters were uploaded into a GIS using ArcGIS ArcMap10. The result is a map integrating geological information to defined areas of the Republic at a scale of 1:100,000 (Figure 2 ). Average daily rainfall data were obtained from the Irish Meteorological Office; 65 weather stations were plotted onto the GIS using the location coordinates (Figure 2 ).
The station in closest proximity to the sampling location was chosen as representative of that area. The location of each individual microbiological sample analysis performed in this study was input directly to the GIS by using the global positioning system (GPS) coordinates recorded at each sampling location via a GPS navigational system (Garmin Nuvi 40LM). The location of each sampling point was merged with the geological and rainfall data to create a new dataset detailing the specific parameters unique to each monitoring location. The frequency of each data category within the study is summarised in Table 1 .
Logistic model
LR has been used extensively in the health sciences since the late 1960s to predict a binary response from explanatory variables (Lemeshow et al. ) and more recently in the environmental sciences to identify variables that significantly affect groundwater quality, as in this study. Binary LR is used to predict a binary response, such as the absence of a specific contaminant above a given concentration threshold, in this instance >0, from independent explanatory variables. The probability of being in one of the response categories (contaminated or non-contaminated) is modelled. The predicted probability is thus a prediction of the response being above the concentration threshold (response equal 1), while 1 -probability is the predicted probability of the response being a 0. The odds ratio is based on the probability of exceeding the given concentration threshold value. The main assumption of LR is that the natural logarithm of the odds ratio or probability of being in a response category is linearly related to the explanatory variables (aquifer type and rainfall).
RESULTS AND DISCUSSION

Gross microbial contamination
For ease of communication, where contamination was present, the analytical results were categorised based on the severity of contamination ranging from moderate to acute.
This approach was adapted from a method utilised by the Irish EPA (EPA , a, b). This allows for comparisons to be made with existing national data for the bacteriological quality of groundwater. The classification assigned to each contamination class was, however, arbitrarily chosen and may not conform to EPA reports.
The results outlined in Table 2 Table 3 . Of the 73 samples, 83.6%
(n ¼ 61) tested positive for E. coli at every sample event. The variability of the levels of microbiological contamination coupled with the frequency of contamination in this study suggests that faecal contamination of groundwater is an important issue within the region.
Regression analysis: LR based on aquifer type and rainfall
Binary LR was performed to assess the impact of climatological, namely rainfall, and hydrogeological factors on the likelihood that private well water supplies would be contaminated with the indicator organism E. coli. The first model contained two independent variables: rainfall (mm) and aquifer characteristics (bedrock or sand/gravel). The full model, containing both predictors was statistically significant p < 0.001, indicating that the model was able to distinguish between the independent variables' relationship to the incidence of contamination. The overall model explained between 27.4% (Cox and Snell R squared) and 36.8% (Nagelkerke R squared) of the variance in contamination and correctly classified 75.2% of cases. As shown in Table 4 , both the independent variables (rainfall and aquifer type) made a unique statistically significant contribution to the model. The strongest predictor of reporting contamination was rainfall (mm), with odds ratio of 1.173.
This indicated that contamination was 1.173 times more likely with an increase in rainfall, controlling for the other factor in the model. The odds ratio of 0.224 for aquifer type was less than 1, indicating that sand/gravel aquifers were 0.224 times less likely to contain E. coli.
LR based on bedrock type and rainfall
The second LR model focused again on rainfall; however, it was inclusive of an independent variable based on the categorisation of bedrock aquifers: fissured system or karst systems. The full model, containing both predictors was statistically significant at p < 0.05, indicating that the model was able to distinguish between the independent variables' relationship to the incidence of contamination.
The overall model explained between 28.1% (Cox and Snell R squared) and 39.5% (Nagelkerke R squared) of the variance in contamination and correctly classified 77.9% of cases.
As shown in Table 5 , both the independent variables (bedrock and rainfall) made a unique statistically significant contribution to the model. The strongest predictor of reporting contamination was the bedrock type, with odds ratio of This suggests that in relation to bedrock aquifers containing either karstic or fissured flow regimes, the probability of contamination with E. coli is 1.15 times higher with an increase in rainfall. 
Limitations of the study
LR analysis is a robust statistical analysis for predictability; however, there are limitations with its use. As stated, 75.2% of cases of contamination were correctly classified; and thus not all categories could be predicted by the model. It is also noteworthy to assert that as this model focused on the indicator organism E. coli, it may not predict the presence of other pathogens that may be more robust than E. coli in the environment. Rather, the model is a tool to highlight areas where faecal contamination is more likely and thus an indication that a groundwater system is being polluted and requires remediation. 
